Introduction
============

Acute lymphoblastic leukemia (ALL) is an aggressive hematologic malignancy arising from the hematopoietic precursors of lymphoid. It is most common in childhood. T-cell acute lymphoblastic leukemia (T-ALL) represents 10--15% of pediatric and 25% of adult ALL cases ([@b1-or-36-05-2511]), resulting from the malignant transformation of T cell progenitors. Although the treatment for T-ALL has gradually improved, T-ALL patients with primary resistant or relapsed leukemia have poor prognosis ([@b2-or-36-05-2511]--[@b4-or-36-05-2511]).

MicroRNAs (miRs) are short non-coding RNAs which negatively regulate protein expression via binding to the complementary sequences within the 3′-untranslated region (UTR) of target mRNA ([@b5-or-36-05-2511],[@b6-or-36-05-2511]). Several studies have indicated the importance of microRNAs in the pathogenesis of human leukemia ([@b7-or-36-05-2511]--[@b9-or-36-05-2511]).

miR-101 is reported as a putative tumor suppressor in several types of cancer, including gastric, prostate cancer, renal cell carcinoma and melanoma ([@b10-or-36-05-2511]--[@b13-or-36-05-2511]). Recently, increasing studies revealed that miR-101 is also associated with the development of hematological malignancies ([@b14-or-36-05-2511]--[@b16-or-36-05-2511]). Correia *et al* ([@b17-or-36-05-2511]) have demonstrated that miR-101 is downregulated in T-ALL patient specimens and T-ALL cell lines. However, the exact role of miR-101 in T-ALL progression and chemoresistance remains unclear. Notch1 is a transmembrane receptor that regulates cell growth, differentiation, angiogenesis and metastasis ([@b18-or-36-05-2511]--[@b20-or-36-05-2511]). Notch1 signaling activation plays key roles in the majority of hematological malignancies including T-ALL ([@b21-or-36-05-2511],[@b22-or-36-05-2511]).

In the present study, we detected the expression of miR-101 in the blood samples of patients with T-ALL. The *in vitro* functional studies were performed on Jurkat cell line to elucidate the effect of miR-101 on cell proliferation, apoptosis, invasion and chemoresistance. Furthermore, whether miR-101 exerts its effect on T-ALL by targeting Notch1 was identified.

Materials and methods
=====================

Clinical samples
----------------

The study was approved by the Ethics Committee of The Second Affiliated Hospital of Xi\'an Jiaotong University, and all the participants signed a written informed consent for participation in this study. The blood samples were obtained from 25 T-ALL patients and 30 healthy controls.

Cell culture and transfection
-----------------------------

The Jurkat and HEK293 cell lines were purchased from the American Type Culture Collection (ATCC; Rockville, MD, USA), and cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) at 37°C in a humidified atmosphere with 5% CO~2~. Adriamycin (ADM) was obtained from Sangon Biotech Co., Ltd., (Shanghai, China) and dissolved in phosphate-buffered saline (PBS). Cells were treated with 5 *µ*g/ml adriamycin for 24 h. The cells were transfected with miR-negative control (NC), miR-101 mimic, miR-101 inhibitor, Notch1-pcDNA3.1 or pcDNA3.1 empty vector (Shanghai GenePharma, Co., Ltd., Shanghai, China) using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) following the manufacturer\'s protocols. After 6 h, the medium was replaced with fresh medium for further experiments.

Cell proliferation assay
------------------------

The cells were plated in 96-well plates at 5×10^3^ cells/well and allowed to grow for 1--4 days. Subsequently, the cells were incubated with 10 *µ*l CCK-8 (Beyotime Institute of Biotechnology, Shanghai, China) at 37°C for 4 h. Absorbance was measured at 450 nm using a microplate reader (DNM-9606; Perlong Medical Equipment Co., Ltd., Beijing, China).

Cell apoptosis assay
--------------------

Cell apoptosis rate was examined using the Annexin V-FITC and propidium iodide (PI) apoptosis kit (Nanjing KeyGen Biotech, Co., Ltd., Nanjing, China) following the manufacturer\'s protocols. Briefly, the cells were washed with PBS, and dual-stained with Annexin V and PI. The apoptosis cells were detected by a FACSCalibur flow cytometer (Becton-Dickinson, Sparks, MD, USA).

Cell invasion assay
-------------------

Invasiveness of Jurkat cells were performed using Transwell inserts (5 *µ*m pore size; Corning Inc., Corning, NY, USA) coated with Matrigel (BD Biosciences, Bedford, MA, USA). The matrix solutions were loaded into the upper well of Transwell chambers, and incubated at 37°C for 1 h. Each group of cells were resuspended in FBS-free medium and placed into the upper Transwell chambers. The lower chambers were filled with RPMI-1640 medium containing 10% FBS. After incubation at 37°C for 24 h, the non-invading cells on the top of the membrane were removed by wiping. The invading cells on the lower face of the membrane were fixed with 3.7% paraformaldehyde, and stained with crystal violet staining solution (Beyotime Institute of Biotechnology). Cells in the lower compartments were also counted.

Luciferase assay
----------------

The wild-type Notch1 3′ untranslated region (UTR) carrying a putative miR-101 binding site, and the mutant Notch1 3′UTR were inserted into psiCHECK-2 vector (Promega, Madison, WI, USA). HEK293 cells were co-transfected with miR-NC/miR-101 and wild-type/mutant Notch1-3′UTR using Lipofectamine 2000. The *Renilla* luciferase reporter vector was transfected as an internal control in each assay. Luciferase activity was measured 24 h after transfection using the Luciferase Reporter assay system (Promega).

Reverse transcription quantitative polymerase chain reaction (RTqPCR)
---------------------------------------------------------------------

Total RNA was extracted using the RNeasy/miRNeasy Mini kit (Qiagen, Limburg, The Netherlands) according to the manufacturer\'s protocols. Total RNA (5 ng) was used for reverse transcription, using the RevertAid™ First Strand cDNA Synthesis kit (Fermentas, Vilnius, Lithuania). The primers for miR-101 were the exact sequence of mature miR-101. They were purchased from GenScript (Nanjing, China). PCR was performed with the SYBR-Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) on the ABI PRISM 7700 Sequence detection system (Applied Biosystems). The relative expression of miR-101 was calculated by the 2^−ΔΔCt^ method that was normalized to the U6 internal control.

Western blot analysis
---------------------

Whole cell lysates were prepared using ice-cold RIPA buffer supplemented with the protease inhibitor (Beyotime Institute of Biotechnology). The protein concentration was determined using the Bradford reagent (Pierce, Rockford, IL, USA). An equal amount of protein (20 *µ*g) was resolved by 10% SDS-PAGE, and then transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked with 5% non-fat milk at room temperature for 2 h, and then incubated with the specific antibodies at 4°C overnight, including rabbit polyclonal to Notch1 (1:600; cat. no. 3881-100; BioVision Incorp., Milpitas, CA, USA) and rabbit polyclonal to β-actin (1:1,000; cat. no. C1836; Applygen Technologies, Inc., Beijing, China). After washing with TBST, the membranes were further incubated with HRP-labelled goat anti-rabbit IgG (1:1,000; cat. no. C2226; Applygen Technologies) at 37°C for 1 h. The immunoreactive bands were visualized using the chemiluminescent substrate (Pierce).

Statistical analysis
--------------------

All data represent at least three independent experiments and are expressed as the means ± SD. Student\'s t-test or one-way ANOVA test was used to compare the differences between groups. P\<0.05 was considered statistically significant.

Results
=======

Expression of miR-101 in the blood samples of patients with T-ALL
-----------------------------------------------------------------

RT-qPCR was performed to detect miR-101 expression in the blood samples of 25 T-ALL patients and 30 healthy controls. Compared with the healthy controls, the expression of miR-101 was significantly downregulated in the blood samples of patients with T-ALL (P\<0.01; [Fig. 1](#f1-or-36-05-2511){ref-type="fig"}).

Effect of miR-101 on cell proliferation, apoptosis and invasion of Jurkat cells
-------------------------------------------------------------------------------

The Jurkat cells were transfected with the miR-NC, miR-101 mimic or miR-101 inhibitor, and then RT-qPCR analysis was performed to detect miR-101 expression. The results showed that compared with the miR-NC-transfected cells, the expression of miR-101 was significantly upregulated in miR-101 mimic-transfected cells but downregulated in miR-101 inhibitor-transfected cells (P\<0.01; [Fig. 2A](#f2-or-36-05-2511){ref-type="fig"}).

To elucidate the effect of miR-101 on T-ALL progression, the *in vitro* functional assays were performed on Jurkat cells. As shown in [Fig. 2B](#f2-or-36-05-2511){ref-type="fig"}, the proliferation ability of Jurkat cells transfected with the miR-101 mimic was significantly weaker than those transfected with the miR-NC (P\<0.05). In addition, the cell proliferation ability was enhanced in miR-101 inhibitor transfected cells compared with the control cells (P\<0.05).

We examined whether miR-101 could affect cell apoptosis using FCM analysis. We found that compared with the miR-NC-transfected cells, cell apoptosis rate was significantly increased in the cells transfected with the miR-101 mimic but decreased in the cells transfected with the miR-101 inhibitor (P\<0.05; [Fig. 2C](#f2-or-36-05-2511){ref-type="fig"}).

Cell invasion assay confirmed that the invasive ability of Jurkat cells was inhibited by transfection with the miR-101 mimic (P\<0.05). By contrast, transfection with the miR-101 inhibitor significantly increased cell invasive ability (P\<0.05; [Fig. 2D](#f2-or-36-05-2511){ref-type="fig"}).

Notch1 is a direct target of miR-101
------------------------------------

To determine whether Notch1 was a target gene of miR-101, wild-type or mutant Notch1-3′UTR was transfected into the HEK293 cells along with the miR-NC or miR-101 mimic. Luciferase assay demonstrated that miR-101 mimic significantly inhibited the transcription activity of wild-type Notch1-3′UTR (P\<0.01). However, the transcription activity of mutant Notch1-3′UTR was not affected by the transfection of miR-101 mimic ([Fig. 3A](#f3-or-36-05-2511){ref-type="fig"}). Furthermore, the results from western blot analysis revealed that the expression of Notch1 protein was significantly downregulated in the miR-101 mimic-transfected cells and upregulated in the miR-101 inhibitor-transfected cells (P\<0.05; [Fig. 3B](#f3-or-36-05-2511){ref-type="fig"}).

Notch1 attenuates the effect of miR-101 on cell proliferation, apoptosis and invasion
-------------------------------------------------------------------------------------

Notch1-pcDNA3.1 was transfected into the Jurkat cells to overexpress Notch 1. As shown in [Fig. 4A](#f4-or-36-05-2511){ref-type="fig"}, the results from the western blot analysis confirmed that the relative protein level of Notch1 was significantly upregulated in the cells transfected with the miR-101 mimic and Notch1-pcDNA3.1 compared with the cells transected with the miR-101 mimic only (P\<0.01).

Subsequently, CCK-8, FCM and cell invasion assays were performed to determine whether Notch1 mediates the effect of miR-101 on cell proliferation, apoptosis and invasion. We found that the suppressed cell proliferation and invasion abilities by miR-101 mimic transfection were attenuated by Notch1 overexpression in Jurkat cells. In addition, miR-101 mimic-induced cell apoptosis rate was inhibited by Notch1-pcDNA3.1 transfection ([Fig. 4B--D](#f4-or-36-05-2511){ref-type="fig"}).

miR-101 enhanced drug sensitivity of Jurkat cells
-------------------------------------------------

Jurkat cells were treated with 5 *µ*g/ml adriamycin for 24 h, and the expression of miR-101 was subsequently detected. We found that miR-101 expression was significantly decreased in Jurkat cells following treatment with adriamycin (P\<0.05; [Fig. 5A](#f5-or-36-05-2511){ref-type="fig"}).

Jurkat cells transfected with miR-101 mimic were subjected to adriamycin treatment, then cell proliferation and apoptosis rate were analyzed. As shown in [Fig. 5B and C](#f5-or-36-05-2511){ref-type="fig"}, adriamycin was able to inhibit cell proliferation and promote cell apoptosis (P\<0.05), these effects were enhanced by miR-101 mimic (P\<0.05).

Discussion
==========

The expression of miR-101 has been extensively studied in hematological malignancies. It was reported that miR-101 was downregulated in samples of Burkitt lymphoma ([@b14-or-36-05-2511]) and adult ALL cases ([@b23-or-36-05-2511]). Fallah *et al* ([@b24-or-36-05-2511]) revealed that miR-101 was upregulated in patients with newly diagnosed chronic myeloid leukemia in chronic phase. Recently, Correia *et al* ([@b17-or-36-05-2511]) demonstrated that miR-101 is downregulated in T-ALL patient specimens and T-ALL cell lines, and it may be involved in the development of T-cell acute lymphoblastic leukemia. In the present study, we detected miR-101 expression in the blood samples of patients with T-ALL. We found that compared with the healthy controls, the expression of miR-101 was significantly downregulated in T-ALL patients. This finding was consistent with the previous study on T-ALL patient specimens and T-ALL cell lines ([@b17-or-36-05-2511]).

miR-101 has been reported to be downregulated in various types of cancer, and it can repress cell proliferation and metastatic ability in gallbladder, liver, breast and ovarian cancers ([@b25-or-36-05-2511]--[@b28-or-36-05-2511]). Thus, miR-101 is widely recognized as a tumor suppressor. miR-101 is also downregulated in T-ALL, however, its function in T-ALL has not been reported. We further performed *in vitro* studies to determine the effect of miR-101 on Jurkat cell proliferation, apoptosis and invasion. Both the gain- and loss-of-function experiments revealed that miR-101 could inhibit cell proliferation and invasion, and increase apoptosis of Jurkat cells, suggesting the tumor-suppressive role of miR-101 in T-ALL. Furthermore, the present study provided the first evidence that miR-101 could enhance the drug sensitivity of Jurkat cells to adriamycin.

Notch1 is a well-known regulator that plays an oncogenic role in many malignancies ([@b29-or-36-05-2511]). Notch1 mutation is present in over 50% of T-cell acute lymphoblastic leukemias (T-ALL) ([@b30-or-36-05-2511]). Constitutive activation of Notch1 signaling can induce T-ALL in murine models. Suppression of Notch1 signaling leads to the decreased cell proliferation and increased cell apoptosis in the context of T-ALL ([@b31-or-36-05-2511],[@b32-or-36-05-2511]). Furthermore, Notch1 is related to chemoresistance ([@b33-or-36-05-2511],[@b34-or-36-05-2511]), a major cause of poor prognosis in T-ALL. Using miRanda (<http://www.microrna.org>), Notch1 was predicted to be a target of miR-101. In the present study, we confirmed that miR-101 could inhibit the transcription activity of Notch1-3′UTR using luciferase assay. In addition, the expression of Notch1 protein was downregulated by miR-101. These results identified Notch1 as a direct target gene of miR-101. Furthermore, we found that Notch1 overexpression could attenuate the effect of miR-101 on cell proliferation, apoptosis and invasion of Jurkat cells. These findings suggested that miR-101 exerts its effect on T-ALL at least partially by downregulating Notch1.

In conclusion, the present study revealed the tumor-suppressive role of miR-101 in T-ALL by directly targeting Notch1. In addition, miR-101 was able to enhance adriamycin sensitivity in Jurkat cells. miR-101 could be potentially of value in T-ALL therapy.
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